Tissue damage resulting from the extracellular production of HOCl (hypochlorous acid) by the MPO (myeloperoxidase)-hydrogen peroxide-chloride system of activated phagocytes is implicated as a key event in the progression of a number of human inflammatory diseases. Consequently, there is considerable interest in the development of therapeutically useful MPO inhibitors. Nitroxides are well established antioxidant compounds of low toxicity that can attenuate oxidative damage in animal models of inflammatory disease. They are believed to exert protective effects principally by acting as superoxide dismutase mimetics or radical scavengers. However, we show here that nitroxides can also potently inhibit MPO-mediated HOCl production, with the nitroxide 4-aminoTEMPO inhibiting HOCl production by MPO and by neutrophils with IC 50 values of approx. 1 and 6 μM respectively. Structure-activity relationships were determined for a range of aliphatic and aromatic nitroxides, and inhibition of oxidative damage to two biologically-important protein targets (albumin and perlecan) are demonstrated. Inhibition was shown to involve one-electron oxidation of the nitroxides by the compound I form of MPO and accumulation of compound II. Haem destruction was also observed with some nitroxides. Inhibition of neutrophil HOCl production by nitroxides was antagonized by neutrophil-derived superoxide, with this attributed to superoxide-mediated reduction of compound II. This effect was marginal with 4-aminoTEMPO, probably due to the efficient superoxide dismutase-mimetic activity of this nitroxide. Overall, these data indicate that nitroxides have considerable promise as therapeutic agents for the inhibition of MPO-mediated damage in inflammatory diseases.
INTRODUCTION
The haem peroxidase enzyme MPO (myeloperoxidase) is released intraphagosomally and extracellularly by activated neutrophils, monocytes and some macrophages, where it catalyses the production of the potent oxidant HOCl (hypochlorous acid) from H 2 O 2 and Cl − ions [1] . Production of the related oxidants HOBr (hypobromous acid) and HOSCN (hypothiocyanous acid) from Br − and SCN − is also significant at physiological concentrations of these ions [2, 3] . Intraphagosomal HOCl production appears to play a beneficial role in immune defense by mediating bacterial cell killing, however tissue damage due to extracellular production of HOCl is implicated as a key pathogenic event in a number of human inflammatory diseases including atherosclerosis, asthma, rheumatoid arthritis, cystic fibrosis, kidney disease and some cancers [4] [5] [6] . For example, elevated systemic levels of MPO can predict cardiovascular disease incidence and risk, and MPO accumulates in atherosclerotic lesions at all stages of their development along with specific biomarkers of HOCl-mediated protein oxidation [6] . The levels of these biomarkers also correlate with disease progression [6] . HOCl is believed to contribute to atherosclerotic disease initiation and development in a number of ways, including the generation of highly atherogenic oxidized forms of low-density lipoproteins that are taken up by macrophages in an unregulated manner to give lipid-laden (foam) cells [7] , the impairment of the reverse-cholesterol properties of (anti-atherogenic) high-density lipoproteins [8] and the promotion of extracellular matrix degradation [9] . Similar evidence is available for a role for MPO-derived HOCl in other diseases [6] .
In the light of the substantial body of evidence that MPOderived HOCl is involved in the progression of inflammatory diseases, there is considerable interest in the development of therapeutically useful MPO inhibitors [5, 10, 11] . A promising approach has been the development of inhibitors that act as peroxidase substrates for MPO, which either divert its catalytic activity from HOCl production, or generate metabolites that mediate irreversible haem modification [6, 10, 12, 13] , however compounds that can inhibit MPO in vivo at non-toxic doses have yet to be identified.
Nitroxides are stable free radicals that exert a range of antioxidant effects in vitro and have considerable potential as therapeutic inhibitors of oxidative damage in vivo due to their low toxicity [14] . Nitroxides can protect against oxidative damage in animal models of inflammation [14] , though the mechanisms responsible are poorly understood. In vitro studies have established that nitroxides can: (i) act as SOD (superoxide dismutase)-mimetics; (ii) reversibly/irreversibly scavenge radicals (e.g. NO 2 ᭹ , thiyl-and carbon-centred radicals); and (iii) reduce the oxy-ferryl (Fe IV = O) centre of haem proteins [15] . However, the potential for these compounds to exert protection via inhibition of the enzymatic activity of MPO and other peroxidase enzymes has been largely overlooked. Nitroxides can suppress protein nitration by a
Scheme 1 HOCl production by MPO and its proposed modulation by nitroxides
Reaction of H 2 O 2 with native MPO yields compound I, which oxidizes Cl − to yield HOCl and regenerate native MPO (reaction A) (the halogenation cycle). Competing reactions of compound I with nitroxides (R 2 N-O ᭹ ) divert the catalytic activity of MPO from HOCl production to the peroxidase cycle and yield compound II and oxoammonium cations (R 2 N + =O) (reaction B). Reduction of compound II by nitroxides (reaction C) is slow and accumulation of compound II limits HOCl production. Rapid reduction of compound II by O 2 ᭹− (reaction D), which is generated by activated neutrophils and other cells, stimulates HOCl production by regenerating native MPO, but nitroxides may prevent this process via their SOD-mimetic activity (reaction E).
MPO-H 2 O 2 -NO 2
− system [16] and prevent cellular damage by a MPO-H 2 O 2 -phenol system [16, 17] , but these activities have been ascribed to their actions as radical scavengers (e.g.
The piperidine nitroxide 4-hydroxyTEMPO (TEMPOL; for nitroxide full names see Table 1 ) was recently shown to be a substrate for compound I and compound II of MPO [16] , but the importance of such reactions in modulating the enzymatic activity of MPO under physiologically relevant conditions, and the effects of nitroxides on MPO-mediated HOCl production, are unknown.
In the present study, we demonstrate that nitroxides can potently inhibit HOCl production and protein oxidation by an isolated MPO-H 2 O 2 -Cl − system, and HOCl production by human neutrophils, in the presence of physiological concentrations of Cl − . This inhibition is shown to involve one-electron oxidation of nitroxides by MPO compound I (Scheme 1, reaction B) and accumulation of compound II, thereby arresting the catalytic cycles of MPO; haem destruction was also observed with some nitroxides. With neutrophils, cellular production of superoxide (O 2 ᭹− ) antagonizes inhibition, which is attributed to reduction of compound II to the native enzyme (Scheme 1, reaction D); however, nitroxides may counteract this effect via their SODmimetic activity (Scheme 1, reaction E). Overall, the results from the present study identify a novel mechanism by which nitroxides may prevent MPO-mediated tissue damage during inflammation and indicate that these compounds have considerable promise as therapeutic agents in inflammatory diseases that involve MPOderived oxidants.
EXPERIMENTAL

Materials
Nitroxides and related hydroxylamines and amines were obtained from commercial suppliers (Sigma, Invitrogen) or synthesized by published methods (see Table 1 for compound structures). 5-CarboxyTMIO, 5,6-dicarboxyTMIO, 5-aminoTMIO, 5-trimethylammoniumTMIO and 5-nitroTMIO were synthesized as described previously [18, 19] and their identities and purity (> 98 %) were verified by MS and HPLC respectively. TEMPOH and 4-aminoTEMPOH were prepared by catalytic reduction of the parent nitroxides with H 2 /platinum oxide (IV) in methanol for 2 h and obtained by flash evaporation as described previously [20] ; conversion was > 99.5 % as assessed by EPR spectroscopy. MPO, isolated from human polymorphonuclear leukocytes (purity index A 430 /A 280 = 0.84), was from Planta Natural Products. SOD (from bovine erythrocytes) and catalase (from bovine liver) were from Sigma. Perlecan was immunopurified from medium conditioned by human coronary arterial endothelial cells as described previously [21] . HSA (human serum albumin, fatty acid-free) was from Sigma. All other reagents were analytical grade or better. Solutions were prepared using water filtered through a fourstage MilliQ system and chelex-treated buffers (0. HOCl production by the MPO-H 2 O 2 -Cl − system was determined by measuring the conversion of Met to Met sulfoxide [22] . Reactions were stopped after 30 min by addition of catalase (100 μg/ml; 448 units/ml) and Met sulfoxide quantified, relative to standards, by HPLC with fluorescence detection (λ ex = 340 nm, λ em = 440 nm) after pre-column derivatization with OPA (o-phthaldialdehyde) [23] .
Isoindoline nitroxides
5-AminoTMIO n R 1 = NH 3 + , R 2 = H 5-TrimethylammoniumTMIO o (I − salt) R 1 = N + Me 3 , R 2 = H 5-NitroTMIO p R 1 = NO 2 , R 2 = H 5-CarboxyTMIO q R 1 = CO 2 − , R 2 = H 5,6-DicarboxyTMIO r R 1 = CO 2 − , R 2 = CO 2 − a 2,
HOCl production by human neutrophils
Human neutrophils were isolated from the blood of healthy consenting donors [obtained in accordance with the Declaration of Helsinki (2000) and with approval of the Sydney South West Area Health Service Ethics Review Committee] by density centrifugation with PolymorphPrep TM (Axis-Shield) and hypotonic lysis of red blood cells using PharmLyse TM Lysis Buffer (BD Biosciences). Neutrophils (2 × 10 6 cells/ml) were suspended in PBS containing CaCl 2 (1 mM), MgCl 2 (0.5 mM), glucose (1 mg/ml) and Met (250 μM) and pre-incubated for 10 min with nitroxides and related compounds (5-100 μM), SOD (20 μg/ml; 324 units/ml), azide (100 μM) or catalase (50 μg/ml; 224 units/ml) before stimulation by PMA (100 ng/ml). Standard incubations were performed at pH 7.4 and 25
• C and were stopped after 30 min by the addition of catalase (50 μg/ml; 224 units/ml); where indicated, incubations were also performed at 37
• C. The cells were pelleted by centrifugation and the generation of Met sulfoxide from Met was quantified in the supernatant after filtration (10 kDa cut-off) as described above.
Visible spectroscopy
The haem absorbance of MPO was monitored using a PerkinElmer Lambda 40 UV-vis spectrometer. Solutions were scanned in the region 220-700 nm (960 nm · min −1 ).
EPR spectroscopy
Nitroxides were quantified by EPR spectroscopy using a standard flattened aqueous solution cell in a Bruker EMX X-band spectrometer equipped with 100 kHz modulation and a cylindrical ER4103TM cavity. EPR spectrometer settings were: gain, 1 × 10 5 ; modulation amplitude 0.05 mT; time constant, 40.96 ms; scan time, 30 s; resolution 1024 points; centre field, 384 mT; field scan 6.0 mT; power, 10 mW; and frequency, 9.76 GHz. 
Quantification of protein oxidation by ELISA
Perlecan and HSA were adsorbed onto 96-well high-binding polystyrene microtitre plates (4.7 μg/ml protein, 50 μl; approx. 10 nM perlecan and 70 nM HSA). After washing, wells were pre-incubated with MPO (10 nM), Cl − (100 mM) and nitroxides (10 μM) for 5 min and reactions were initiated by addition of H 2 O 2 (10 μM) (total reaction volume: 50 μl). After 30 min reaction time, residual oxidant was quenched with Met (10 mM, 100 μl, 10 min). Wells were blocked with 0.1 % casein, then probed with monoclonal antibody CSI-076 (Abcam) (3.3 μg/ml; against perlecan protein core domain I) or monoclonal antibody 2D10G9 (supernatant dilution 1:25; against HOCl-modified protein [24] ). Detection of immune complexes was performed using a biotinylated anti-mouse antibody (Chemicon) with streptavidin-conjugated alkaline phosphatase (Amersham) and p-nitrophenylphosphate (Sigma).
Quantification of protein oxidation by amino acid analysis
HSA (2.9 μM) was incubated with MPO (100 nM), Cl − (100 mM) and nitroxides (10 μM) for 5 min and reactions were initiated by the addition of H 2 O 2 (50 μM). After 30 min reaction, proteins were precipitated, dried and subjected to methanesulfonic acid hydrolysis before quantification of amino acids in hydrolysates, relative to authentic standards, by HPLC with fluorescence detection (λ ex = 340 nm, λ em = 440 nm) after pre-column derivatization with OPA [23] .
Statistical analyses
Statistical analyses were carried out using one-way ANOVA with Newman Keul's post-hoc testing, unless otherwise stated, with P < 0.05 taken as significant. IC 50 values were determined by fitting a rectangular hyperbola to dose-response curves using nonlinear regression. All statistical analyses were performed using GraphPad Prism 4 (GraphPad Software, San Diego, CA, USA, www.graphpad.com).
RESULTS
Inhibition of HOCl production by the MPO-H 2 O 2 -Cl
− system
HOCl production by the MPO-H 2 O 2 -Cl − system (100 nM MPO, 50 μM H 2 O 2 , 100 mM Cl − ) was quantified by determining the yields, by HPLC, of Met sulfoxide [R-S(O)-CH 3 ] arising from oxidation of the thioether-containing amino acid Met (R-S-CH 3 , 250 μM) by HOCl. The reaction of HOCl with Met is rapid and, under the conditions employed, the yield of Met sulfoxide is proportional to the concentration of HOCl generated [22] . A range of cyclic aliphatic (piperidine, pyrrolidine) and aromatic (isoindoline) nitroxides and related hydroxylamines and secondary amines (Table 1) were screened for their ability to inhibit HOCl production using this isolated enzyme system. At a concentration of 10 μM, a number of nitroxides inhibited the production of HOCl by approx. 50 % or more ( Figure 1A) . None of the compounds examined significantly inhibited the oxidation of Met to Met sulfoxide by reagent HOCl (50 μM), confirming that these effects derived from enzyme inhibition and not direct scavenging of HOCl. Whereas the nitroxides TEMPO and 4-aminoTEMPO exerted marked inhibition at this concentration, their hydroxylamine derivatives (R 2 N-OH; TEMPOH and 4-aminoTEMPOH) and related secondary amines (R 2 N-H; TMP and 4-aminoTMP) were ineffective ( Figure 1A) . Positively charged and neutral nitroxides exerted much greater inhibitory effects than negatively charged nitroxides, e.g. 
from I
− [25] may account for some Met sulfoxide production. Unlike free TEMPO, the corresponding polymer-linked material PEG-TEMPO was a poor inhibitor. IC 50 values were determined from dose-response curves for the two most potent inhibitors, 4-aminoTEMPO (IC 50 = 1.2 μM) and 3-aminoPROXYL (IC 50 = 2.7 μM) ( Figures 1B and 1C) .
Role of accumulation of MPO compound II and haem destruction in enzyme inhibition
The ability of nitroxides to alter the distribution of redox intermediates during catalysis, and thereby inhibit the enzymatic activity of MPO (cf. Scheme 1), was monitored by examination of the characteristic haem optical absorbances of the native enzyme (λ max = 430 nm) and compound II (absorption maxima at 453 nm and 625 nm); compound I, which has a short lifetime (t 1/2 ∼ 100 ms) [26] , was not examined. In the absence of nitroxides (500 nM MPO, 50 μM H 2 O 2 , 100 mM Cl − , 250 μM Met), where the halogenation cycle (i.e. HOCl production) predominates, the native enzyme was the predominant haem species present (Figure 2A ). In contrast, in the presence of positively-charged and neutral nitroxides (50 μM), the major haem species present was MPO compound II, which is inactive in HOCl production ( Figures 2B and 2C and Supplementary Figures S1B-S1H at http://www.BiochemJ.org/bj/ 421/bj4210079add.htm). These results demonstrate that nitroxides undergo one-electron oxidation by compound I, yielding oxoammonium cations and converting compound I into compound II (Scheme 1, reaction B), in the presence of physiological concentrations (100 mM) of Cl − (Scheme 1, reaction A). Negatively-charged nitroxides and the polymer-linked nitroxide PEG-TEMPO also promoted compound II accumulation, but much less efficiently ( Figure 2D and Supplementary Figures S1K  and S1L ). With the trimethylammonium-substituted nitroxides (R-N + Me 3 I − ) (Supplementary Figures S1F and S1J ), subsequent regeneration of native MPO from compound II is ascribed to I − -mediated reduction of compound II [27] . The compound II substrates ascorbate [27] and paracetamol (acetaminophen) [28] All of the nitroxides examined decreased the rate of H 2 O 2 consumption by isolated MPO (Figure 3 and Supplementary Figure S4 at http://www.BiochemJ.org/bj/421/bj4210079add.htm), with the magnitude of this effect reflecting the inhibition of HOCl production ( Figure 1A ), consistent with these processes being interlinked. As 4-aminoTEMPO, 4-hydroxyTEMPO and 4-carboxyTEMPO displayed similar reactivity toward compound II (Supplementary Figure S3) , the marked variation in their ability to inhibit H 2 O 2 consumption (Figure 3) can be attributed to differences in the rate of their reaction with compound I (Scheme 1, reaction B) .
4-AminoTEMPO (2.5 μM) was not consumed during these reactions (500 nM MPO, 50 μM H 2 O 2 , 100 mM Cl − ) as determined by EPR spectroscopy (results not shown), indicating [29] . This process appears to be significant during inhibition of MPO-mediated HOCl production by 4-aminoTEMPO and 4-hydroxyTEMPO (50 μM), with these nitroxides stimulating the production of approx. Figure S5) , presumably reflecting its slower metabolism by compound I.
Nitroxides inhibit HOCl-dependent protein oxidation by isolated MPO
The extracellular matrix proteoglycan perlecan and the plasma protein albumin bind MPO and are implicated as important targets for MPO-derived oxidants in vivo (M. D. Rees, unpublished work) [9, 30] . The ability of nitroxides to inhibit modification of human endothelial cell-derived perlecan and HSA by the MPO-H 2 O 2 -Cl − system was quantified by an ELISA-based assay using monoclonal antibody CSI-076, which recognises perlecan protein core domain I, and monoclonal antibody 2D10G9, which recognises HOCl-modified protein. The MPO-H 2 O 2 -Cl − system (10 nM MPO, 10 μM H 2 O 2 , 100 mM Cl − ) induced a marked loss of recognition of the perlecan protein core by CSI-076 and, in both cases, the generation of HOCl-modified epitopes recognised by 2D10G9 (Figure 4) . Inclusion of 4-aminoTEMPO and 4-hydroxyTEMPO at a concentration of 10 μM strongly inhibited these modifications, whereas 4-carboxyTEMPO was ineffective (Figure 4 ), in accordance with their activities against HOCl production (Figure 1 ). 4-AminoTEMPO (10 μM) also afforded protection against the loss of Met and histidine residues upon exposure of HSA (2.9 μM; 20 μM Met residues, 86 μM histidine residues) to the MPO-H 2 O 2 -Cl − system (100 nM MPO, 50 μM H 2 O 2 , 100 mM Cl − ) (Supplementary Figure S6 at http://www.BiochemJ.org/bj/421/bj4210079add.htm).
Nitroxides inhibit HOCl production by human neutrophils
Stimulated neutrophils release MPO extracellularly from intracellular granules and produce O 2
᭹− by a cell-surface NADPH oxidase complex. Dismutation of O 2 ᭹− yields H 2 O 2 , which is subsequently utilized by MPO to generate HOCl. HOCl production by PMA-stimulated neutrophils was quantified by measuring the conversion of Met into Met sulfoxide [22] . The stimulated cells (2 × 10 6 cells/ml) generated approx. 40 μM and approx. 80 μM Met sulfoxide after 30 min incubation at 25
• C and 37
• C respectively. Inclusion of catalase (224 units/ml) or the haem poison azide (100 μM) quenched Met sulfoxide production, consistent with this process being dependent on MPO-derived HOCl. Nitroxides inhibited neutrophil-mediated HOCl production at a concentration of 10 μM ( Figure 5A) , with the pattern of inhibition generally reflecting their activities against isolated MPO ( Figure 1A) , although the overall extents of inhibition were lower. Notably, 4-aminoTEMPO inhibited HOCl production by neutrophils far more potently than 3-aminoPROXYL (IC 50 = 6.3 μM compared with IC 50 = 46 μM) ( Figures 5B and 5C ), although these nitroxides displayed similar activities with isolated MPO (IC 50 = 1.2 μM compared with IC 50 = 2.7 μM) ( Figures 1B and 1C) . The hydroxylamines 4-aminoTEMPOH and TEMPOH, which were poor inhibitors of isolated MPO (Figure 1 ), displayed significant inhibition against neutrophil-mediated HOCl production ( Figure 5A ). Stimulated neutrophils were shown by EPR spectroscopy to oxidize the hydroxylamines to their parent nitroxides (approx. 2 μM nitroxide from 10 μM hydroxylamine after 15 min incubation; not shown), rationalizing this inhibition.
Neutrophil-generated O 2 ᭹− can antagonize MPO inhibitors that promote compound II accumulation by rapidly reducing compound II to the native enzyme (Scheme 1, reaction D) [31] . Inclusion of exogenous SOD (324 units/ml) increased the inhibitory activity of nitroxides against neutrophil-mediated HOCl production to the levels observed with the isolated MPO-H 2 O 2 -Cl − system ( Figures 5B and 5C and Supplementary Figure S7 at http://www.BiochemJ.org/bj/421/bj4210079add.htm), confirming that O 2 ᭹− antagonizes nitroxide-mediated inhibition of MPO, with the magnitude of this effect being dependent on nitroxide structure, e.g. 4-aminoTEMPO 3-aminoPROXYL ( Figures 5B and 5C ).
DISCUSSION
Tissue damage by MPO-derived HOCl is implicated as a key event in the progression of multiple inflammatory diseases including atherosclerosis, rheumatoid arthritis and kidney disease [4] [5] [6] . This study demonstrates that nitroxides can inhibit HOCl production by isolated MPO and by human neutrophils at low micromolar concentrations. Nitroxides were also shown to inhibit MPO-mediated oxidation of the extracellular matrix proteoglycan perlecan and the plasma protein albumin, which bind MPO and are implicated as important biological targets for MPO-derived HOCl in vivo (M. D. Rees, unpublished work) [9, 30] . Although it is well-established that nitroxides can catalyse O 2 ᭹− dismutation, scavenge radicals (NO 2 ᭹ , thiyl-and carbon-centred radicals), and mediate reduction of oxy-ferryl (Fe IV = O) haem [15] , the present study is the first to demonstrate that these compounds can modulate the enzymatic activity of MPO, and prevent HOCl production, under physiologically relevant conditions. As Figure 5 Effect of nitroxides and related compounds on HOCl production by human neutrophils, and modulation by SOD Neutrophils (2 × 10 6 cells/ml) in PBS containing glucose (1 mg/ml) were pre-incubated with Met (250 μM) and nitroxides and related compounds (5-100 μM), with or without SOD (324 units/ml), for 10 min before stimulation of the cells with PMA (100 ng/ml); cells were also stimulated in the presence of azide (100 μM) or catalase (224 units/ml). In control systems, cells were stimulated in the absence of nitroxides and related compounds, azide, catalase or SOD. Met sulfoxide was quantified by HPLC after 30 min. Results are means + − S.E.M., n = 3 independent experiments. IC 50 values were determined by fitting a rectangular hyperbola to the dose-response curves using non-linear regression. nitroxides exhibit low toxicity [14] , the results from the present study indicate that these compounds have considerable promise as therapeutic agents for the prevention of tissue damage by MPO-derived oxidants in a wide spectrum of inflammatory diseases.
It is shown that a range of nitroxides with diverse structures are oxidized rapidly by compound I of MPO (a Fe IV = O haem/ porphyrin π radical-cation species), in the presence of physiological concentrations of Cl − (a major endogenous substrate), to yield compound II (a Fe IV = O species). Nitroxides are poor substrates for compound II and their metabolism by MPO results in the accumulation of compound II and inhibition of H 2 O 2 consumption and, consequently, inhibition of HOCl production. Haem destruction also appears to contribute to the inhibitory activity of some (isoindoline) aromatic nitroxides. The importance of the nitroxide moiety (R 2 N-O ᭹ ) is confirmed by the lack of inhibitory activity observed with the corresponding secondary amine compounds (R 2 NH) and hydroxylamines (R 2 N-OH), which are reduction products of nitroxides [32] .
The efficiency of nitroxide oxidation by compound I, via one-electron transfer to the porphyrin π-cation radical of this redox intermediate (Scheme 1, Reaction B), appears to be a key factor underlying the potency of nitroxides as MPO inhibitors. The results from the present study indicate that this process is profoundly affected by nitroxide structure. Electronic factors are unlikely to underlie these effects, as the one-electron oxidation potentials of all the nitroxides examined (approx. 0.7-1 V) [33, 34] are well below the reduction potential of the MPO compound I/compound II couple (1.35 V) [35] . Instead, the topography of the active site appears to play a dominant role in controlling the metabolism of nitroxides by compound I, by determining substrate access and binding. The results from the present study indicate that positively charged and neutral aliphatic nitroxides are metabolized readily by compound I, with nitroxides bearing a free amino group being particularly favoured substrates, whereas structurally-related nitroxides bearing a negatively charged (carboxyl) substituent are poor substrates. Similar structure-activity relationships have been determined for aliphatic thiols [36] . The selectivity against metabolism of negatively charged peroxidase substrates by MPO has been proposed to arise from the presence of a negatively charged Glu residue in the peroxidase substrate channel [36] . We propose that the same residue may promote metabolism of positively charged materials (e.g. those bearing a free amino group) via favourable electrostatic or hydrogen-bonding interactions. Metabolism of aromatic nitroxides appears to be controlled by similar factors, although interactions with an aromatic substrate binding site in the distal cavity [37] could also play a role. The poor inhibitory activity of the polymer-linked nitroxide (PEG-TEMPO) indicates that bulky substituents can limit substrate access and binding. These structure-activity relationships may aid the design of novel MPO inhibitors. O 2 ᭹− is shown to antagonize MPO inhibition by nitroxides to varying degrees, with this effect being small in the case of the piperidine nitroxide 4-aminoTEMPO, but greater with the closely related pyrrolidine nitroxide 3-aminoPROXYL. This difference may relate to the differential activities of these nitroxides as SOD-mimetics, as piperidine nitroxides are approx. 100-fold more efficient as SOD-mimetics than pyrrolidine nitroxides [33] . Thus, the potency of 4-aminoTEMPO against neutrophilmediated HOCl production may arise from a combination of MPO inhibition and efficient removal of O 2 ᭹− via its SODmimetic activity (Scheme 1, reaction E). The latter activity is kinetically viable as the rate constants for reaction of O 2 ᭹− with 4-aminoTEMPO and related piperidine nitroxides (k 2 approx. [39] ). Nitroxides are also generated from hydroxylamines, a major reduction product of nitroxides in vivo [32] , in the presence of stimulated neutrophils. Therefore, depletion of nitroxides present at sites of oxidant production via oxidation and reduction reactions should be limited.
MPO-derived HOCl is implicated as a key mediator of inflammatory tissue damage [6] , and it will therefore be of considerable interest to investigate the ability of nitroxides to inhibit MPOmediated HOCl production in vivo. As nitroxides can potently inhibit neutrophil-mediated HOCl production in vitro, it is anticipated that these compounds may inhibit oxidant production by MPO in vivo at pharmacologically achievable concentrations. In this regard, it has been shown that administration of 4-hydroxyTEMPO can reduce levels of 3-nitrotyrosine in animal models of inflammation [41] . This may reflect suppression of NO 2 − metabolism by MPO in a similar manner to that reported here, however it might reflect direct scavenging of nitrating species (i.e. NO 2 ᭹ ) derived from MPO or peroxynitrite [16] or down-regulation of inducible nitric oxide synthase expression [42] . The performance of nitroxides as MPO inhibitors in vivo will reflect a complex range of factors including partitioning between their nitroxide and hydroxylamine forms, their accumulation in and clearance from tissues, as well as their MPO-inhibition and SOD-mimetic activities. It has already been demonstrated that nitroxides can be targeted to intracellular compartments to optimize their antioxidant activity [43] , however, our data indicate that nitroxides that target extracellular structures, where MPO-mediated HOCl production occurs, may also be therapeutically useful.
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Figure S7 Effect of SOD on nitroxide-mediated inhibition of HOCl production by human neutrophils
Neutrophils (2×10 6 cells/ml) in PBS containing glucose (1 mg/ml) were pre-incubated with Met (250 μM) and nitroxides (10 μM), with (grey bars) or without (black bars) SOD (324 units/ml) for 10 min before stimulation of the cells with PMA (100 ng/ml). In control systems, cells were stimulated in the absence of nitroxides or SOD. Met sulfoxide was quantified by HPLC after 30 min. Data are means + − S.E.M., n = 3 independent experiments. The effect of SOD was significant with all treatments (P < 0.001, two-way ANOVA).
